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SUMMARY 
The aim of this project is to evaluate, define and optimize the degradation process of a 
Macrocyclic Lactone in alkaline conditions inside a batch reactor at high temperature. Therefore, 
ML properties and behavior under different conditions will be studied. In addition, two 
experimental studies will be performed to evaluate the effect of alkali and temperature in the 
molecule degradation pathways. For instance, kinetic parameters such as degradation rate 
constants and activation energy will be extracted from the experimental results in order to 
determine the sensitivity of the reaction towards temperature.  
Otherwise, the Biowaste system installation, where the chemical treatment is carried out, 
will be deeply analyzed to better understand how the equipment works and which are the stages 
involved in one cycle. Moreover, mains water and electric energy consumptions will be 
quantified to see if any improvements can be applied to the system.  
The benefits obtained from the optimization of the reaction will be quantified, such as the 
reduction in sodium hydroxide concentration or the increase in the installation yield, among 
others.   
Keywords: Macrocyclic Lactone, degradation, alkali, temperature, optimization, kinetic 
parameters, Biowaste system. 
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RESUM 
L’objectiu d’aquest estudi és avaluar, definir i optimitzar el procés de degradació d’una 
lactona macrocíclica en condicions bàsiques, en un reactor tanc agitat que treballa en règim 
discontinu a temperatura elevada. Per aquest motiu, s’estudiaran les propietats específiques i el 
comportament d’aquest tipus de molècules sota condicions diferents. A més, es realitzaran dos 
estudis experimentals a fi d’avaluar l’efecte d’una base alcalina i de la temperatura en la 
degradació de la molècula. Els paràmetres cinètics com les constants de velocitat i l’energia 
d’activació s’extrauran dels resultats experimentals per tal de determinar la sensibilitat de la 
reacció amb la temperatura.  
Per altra banda, la instal·lació del sistema Biowaste, on es duu a terme el tractament 
químic, s’analitzarà detingudament per tal de comprendre millor el funcionament d’un cicle i les 
etapes que hi intervenen. Tanmateix, el consum d’aigua de xarxa i d’energia elèctrica seran 
quantificats amb l’objectiu d’estudiar una possible implementació de millores en el sistema.  
Finalment, els beneficis obtinguts de l’optimització de la reacció seran quantificats, com ara 
la reducció en la concentració d’hidròxid de sodi o l’increment en el rendiment de la instal·lació, 
entre d’altres. 
 
 
Paraules clau: Lactona macrocíclica, degradació, base, temperatura, optimització, paràmetres 
cinètics, sistema Biowaste. 
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1. INTRODUCTION 
The project has been developed in the leading animal health company Zoetis Manufacturing 
& Research Spain, SL, located in la Vall de Bianya. The main activity of the plant is the 
manufacturing of different specialties for veterinary use, such as:  
- Gels for veterinary use  
- Injectable and Oral pharmacological products 
- Biological vaccines 
In the same way, the plant has a Research and Development Department which performs 
experimentation studies with animals and investigates for a better veterinary prevention. 
1.1. MACROCYCLIC LACTONES 
Macrocyclic Lactones (MLs) are widely known as anthelmintic compounds to treat internal 
and external parasitic infections caused by nematodes, insects, ticks and mites in animals such 
as cattle, sheep, pigs, horses, dogs and cats. They are hugely important as animal health 
medicines with registrations over 60 countries.  
MLs are divided into the subclasses Avermectin (AVM) and Milbemycin (MLB), which 
slightly differ in chemical structure but have similar properties. For instance, the ML involved in 
this project (compound A) is a Milbemycin type and its structural formula is shown in Figure 1.  
On the other hand, this molecule is registered in the European Pharmacopeia, where 
individual and general quality standards, dosage forms and methods of analysis are described 
in a collection of monographs.    
Most relevant physical properties of the molecule are summarized in Table 1.  
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Figure 1. Chemical structure of the compound A  
 
Table 1. Physical properties  
Physical Properties 
Physical appearance White to pale yellow powder 
Density 1,23 g/cm3 
Melting point 145 to 154 ºC 
Solubility in water 0,51 mg/L 
Solubility in acetonitrile 0,62 mL/g 
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1.2. PRESENT SITUATION 
Most of the products manufactured at the site contain this compound A, considered an 
Active Pharmaceutical Ingredient (API) due to its ecotoxicity and so potential environmental 
impact. Although there is still no framework in Europe regulating API releases to water, good 
operating practices are being implemented to control its handling.  
The table below contains some Ecotoxic information extracted from the MSDS of the 
molecule, where EC50 and LC50 are standard measures of drug’s potency.  
 
Figure 2. Ecotoxic information for compound A 
 
Due to its criticality, historically, the plant has implemented an additional chemical 
pretreatment for all the waste streams containing this API, before being discharged to the waste 
water treatment plant of the site.  
Otherwise, analytical controls are performed annually to determine molecule’s concentration 
at different stages of the treatment process, basically before and after the chemical treatment 
and the waste water treatment plant of the site.  
 
 
 
 
 
 
 
Compound A  
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1.3. BIOWASTE SYSTEM 
The Biowaste System is an automated process which consists in degrading the Active 
Pharmaceutical Ingredient (compound A) contained in the waste streams produced in the 
manufacturing areas and laboratories of the plant. This waste streams are mainly aqueous as 
they are generated in the cleaning in place (CIP) of the formulation tanks. The current treatment 
is carried out inside a batch reactor in alkaline conditions with sodium hydroxide, at high 
temperature (80ºC), during at least 3 hours. Presently, an average of 5 cycles per day is carried 
out at the site. The parameters of the system are summarized in Table 2.  
Finally, the waste streams are pumped to the wastewater treatment area before being 
discharged to the public sewer.  
 
Table 2. Biowaste conditions 
 
 
 
 
 
 
 
 
1.3.1. System Compounds 
1. Plastic reservoir of 2000 L 
2. Stainless Steel AISI 316L reservoir of 780 L 
3. Stainless Steel AISI 316L reactor of 270 L 
4. Heat transfer system through coil 
5. PVC deposit for concentrated sodium hydroxide of 300 L 
6. Dosing and drain pumps  
7. Valves and accessories  
 
1 Volume treated 178 L 
2 Temperature 80ºC 
3 Pressure <1,2 bars 
4 NaOH concentration 0,8M 
5 Time 3h 
6 Agitation  ON 
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The whole installation is shown in the picture below, from left to right: Reactor of 270 L, 
reservoir of 780 L and plastic reservoir of 2000 L.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Biowaste system installation  
 
1.3.2. The process 
A representative flow chart of the process is presented in Figure 4, with a brief description of 
the stages. Every cycle can be divided in three different parts: preparation for the reaction 
conditions, chemical treatment and process completion. Once the treated product has been sent 
to the WWTP of the site, a new cycle starts (discontinuous arrow).  As mentioned before, the 
most lasting stage is the chemical treatment, so attention will be mainly focused on optimizing 
this part.  
However, any other optimization will be considered in order to improve the installation yield 
and reduce costs.  
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Figure 4. Biowaste system flow chart  
 
Indeed, for a better understanding of the Biowaste system, the P&ID of the process is 
shown next page, with all the detailed stages classified by colors and numbers. In the flow chart 
above, stages 1 and 2 appearing in the P&ID of the system are not included, as they are not 
representative for the process. Stage 1 corresponds to the manual transfer of the waste streams 
to the plastic reservoir of 2000 L, and stage 2 represents the automatically transfer of the waste 
streams from the plastic reservoir to the reservoir of 780 L.  
Transfer of 178 L 
to reactor 
Addition of concentrated 
sodium hydroxide until 
reaching 20-25 g/L 
Steam heating until 
80ºC while mixing 
3h of treatment at 
80ºC with agitation 
Water cooling until 
40ºC while mixing 
Pump to site 
Waste Water 
Treatment Plant 
PREPARATION TREATMENT COMPLETION 
CYCLE DURATION ~ 4h 20’ 
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2. OBJECTIVES 
The aim of this project is to study the degradation process of a macrocyclic lactone in 
alkaline conditions inside a batch reactor at high temperature, in order to optimize the reaction 
and to increase the installation yield. The study will be mainly focused on reducing any of the 
following parameters:  
1. Sodium hydroxide concentration 
2. Temperature 
3. Reaction time 
To achieve these objectives, an experimental study will be developed to analyze the 
influence of the previous parameters in the molecule degradation pathways. Furthermore, 
kinetic parameters will be extracted from the experimental studies to better understand the 
behavior of the reaction under heat and alkali conditions. Otherwise, water, sodium hydroxide 
and electric energy consumption will also be considered as to minimize costs and improve 
system resources.  
Macrocyclic Lactone degradation process optimization in alkaline conditions. 11 
 
3. CHEMICAL REACTION 
3.1. CHEMICAL STABILITY OF MLS 
An extended bibliographic research has been done to better understand MLs behavior 
under different conditions. It is known that these molecules tend to be unstable under normal 
conditions so it is recommended to be refrigerated and to avoid exposure to light and to extreme 
pH conditions.   
Although there is evidence of degradation in acidic conditions too, attention will be focused 
on the molecule degradation pathways in alkaline conditions and in presence of heat as the 
current process is carried out.  
 
3.1.1. Effect of alkaline conditions 
Different experimental studies performed with AVMs (Pivnichny and co-workers, 1988) have 
shown that the biological activity of these compounds is quite sensitive to minor molecular 
modifications, in particular, structural changes at C2 in presence of alkali due to the potentially 
reactive hexahydrobenzofuran ring system.  
The following scheme shows the stereochemical changes at C2 of an Avermectin type in 
alkaline conditions. Even though compound A is a Milbemycin, the following reaction patterns 
can also be considered as the chemical structure of the 16-membered macrocyclic lactone ring 
is the same in both molecules.  
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Figure 2. Avermectin reactivity in alkaline conditions 
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4. EXPERIMENTAL SECTION 
Previous to study any possible optimization, is important to know better how the molecule 
reacts with sodium hydroxide under Biowaste conditions inside the reactor. Therefore, a 
preliminary experimental study was developed to simulate the process in the same conditions 
and verify if the current treatment is effective and indeed can be optimized. Otherwise, an 
experimental kinetic study was also developed in order to analyze the kinetics of the reaction, 
as it was not considered in the preliminary study. The experiments were performed by 
evaluating the effect of different temperatures and sodium hydroxide concentrations in the 
molecule degradation pathways. 
These studies were carried out by means of an analytical and instrumental method1, High-
Performance Liquid Chromatography (HPLC). This technique is used to separate components 
of a mixture based on the different chemical interactions between the analytes and the 
stationary phase of the chromatographic column.  
4.1. TEST MATERIALS, ANALYTICAL STANDARDS AND REAGENTS 
The test materials and the analytical standard below in Table 3 and Table 4 were used in 
the site qualification experiments.  
Table 3. Summary of test materials 
Material Source 
Compound A  Hisun 
Sodium hydroxide Merck 
                                                        
 
1 The analytical method used in the experiments can be consulted in the appendices 
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Table 4. Analytical standard 
Material Purity (%) 
Compound A  94.0 
 
The different reagents listed below were also necessary to carry out the experiments:  
 
- Acetonitrile: for HPLC grade and solvent 
- Milli-Q water: Solvent 
- Ammonium acetate: Used for mobile phase preparation  
- Glacial acetic acid: Used for adjusting pH 
- Methanol: for HPLC grade 
4.2. EQUIPMENT AND CHROMATOGRAPHIC CONDITIONS 
Equipment and other devices characteristics used during the experiments are described 
below, as well as chromatographic conditions listed in Table 5.  
 
Liquid Chromatographs: Waters 2695 Separations Module (HPLC 13) 
UV Detectors:   Waters 2489 Dual  Absorbance Detector  
                                            Waters 2996 PDA Detector  
Integrator – Recorder:  Empower 3 
Automatic Injector:  Waters Auto sampler 
pH meter:   ±0,05 precision units of pH 
Analytical balance:  ±0,1 mg resolution 
 
Macrocyclic Lactone degradation process optimization in alkaline conditions. 15 
 
Table 5. Summary of chromatographic conditions 
 
4.3. EXPERIMENTAL PROCEDURE 
The first steps of the experimental procedure were focused on studying the solubility of 
compound A in different solvent proportions acetonitrile – Milli Q water. Initially, two different 
solutions of 100 mL were proposed:  
 
- 60:40 (60 mL acetonitrile, 40 mL water) 
- 20:80 (20 mL acetonitrile, 80 mL water) 
The concentration of the active compound in each solution should have been 1% w/v, 
considering a possible worst case of concentration in the Biowaste system. However, as 
compound A is practically insoluble in water, it was dissolved with acetonitrile but precipitated 
once water was added to the solution. After a few more experimental tests, the final solution 
was prepared at a concentration of 0,1% w/v with a proportion of 50:50 acetonitrile – Milli Q 
water. Indeed, the total volume used was 200 mL in order to prevent acetonitrile’s evaporation, 
as its boiling point is 82ºC.  
The following tables show the different experimental conditions in which the experiments 
were carried out. 
 
 
 
1 Column  Pico Tag C18, 150x3.9 mm 
2 Detector A variable wavelength detector that can operate at 242 nm 
3 Flowrate 2.5 ml/min 
4 Injector Capable of reproducibly delivering 10 µl sample solution  
5 Column temperature 50ºC  
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Table 6. Experimental conditions for the preliminary study 
T (ºC) 
NaOH 
concentration 
Reaction time (h) Extractions (1 mL) 
80 
0,6M 3 9 (1h x 15’, 2h x 30’) 
0,3M 1,5 7 (x 15’) 
0,1M 1,5 7 (x 15’) 
 
50 
0,6M 3 9 (1h x 15’, 2h x 30’) 
0,3M 1,5 7 (x 15’) 
0,1M 1,5 7 (x 15’) 
 
 
Table 7. Experimental conditions for the kinetic study 
T (ºC) 
NaOH 
concentration 
Reaction time (h) Extractions (1 mL) 
 
80 
 
0,6M 
 
0,33 
 
4 (x 5’) 
 
50 
 
0,3M 
 
1 
 
6 (x 10’) 
0,1M 1,5 9 (x 10’) 
 
22 
 
0,3M 
 
3 
 
2 (at 2h and 3h) 
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The experimental procedure was the same in both studies, except for the experiment at 
room temperature from the kinetic study, which did not present heating. The steps followed are 
described below: 
 
1. Weight 0,2g of compound A (test material)  
2. Add into 100mL Acetonitrile  
3. Gently heat and mix the solution  
4. Carefully add 100mL Milli-Q water 
5. Let the solution heat until desired temperature 
6. Extract 1 mL from the solution at the beginning of each experiment 
7. Before reaching final temperature, carefully add corresponding sodium hydroxide 
8. Extract 1mL from the solution when required and dilute 1/10 with mobile phase (60:40 
Acetonitrile – Milli-Q water) 
9. Finally adjust the pH of the samples until 7.0 with glacial acetic acid 
10. Once the HPLC is conditioned and the chromatograph stabilized inject the samples 
and standard solutions 
Notes on the procedure 
Step 6: The first extraction is done before adding sodium hydroxide to quantify initial compound 
A concentration.  
Step 7: Initial reaction time (t=0) is considered to be when sodium hydroxide is added to the 
solution. 
Step 9: The adjusting of the pH should be quick in order to stop the reaction. Take into account 
that once the sample has reached pH 7.0, this time should be considered final reaction time, 
and not when the sample is extracted.  
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4.4. RESULTS AND DISCUSSION 
Meanwhile the experimental part was carried out, many representative changes were 
observed. The following pictures show the color change of the solutions when sodium hydroxide 
was added. Notice that initially all the samples were colorless.  
 
 
            
 
 
 
 
 
 
 
Figure 3. Sample 5 (50ºC, 0.3 M NaOH) 
 
 
 
 
 
 
 
 
 
 
Figure 4. Sample 1 (80ºC, 0.6M NaOH) 
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Comparing the pictures above it can be easily seen that the color and intensity of the 
samples is significantly different, depending on temperature and sodium hydroxide 
concentration. However, samples at the same temperature showed the same tonality with 
slightly different intensity, almost imperceptible at 80ºC, whatever sodium hydroxide 
concentration was. Regarding this, the color of the samples could be considered a mainly effect 
of temperature2. In order to demonstrate that color is an indicator of the molecule’s degradation, 
a blank sample was prepared with sodium hydroxide and heated until 50ºC, observing no color 
change.  
Otherwise, it was observed that as reaction time passed, the color started to fade, indicating 
the progress of the reaction.  
 
4.4.1. Analytical results 
4.4.1.1. Preliminary study results 
This part contains the experimental results of the six experiments performed in the first 
study. Compound A concentration has been quantified through the chromatograms, by 
implementing sample and standard areas and concentrations in the calculations.3  
The following tables present compound A concentration in % (w/w) at different reaction 
times for each experiment, until it becomes 0%, which is within 30 minutes in most of them. 
Therefore, no kinetic information could be extracted from this preliminary study, as there is 
insufficient data.   
 
 
 
 
 
                                                        
 
2 Further information will be extracted from the kinetic study results  
3 See part 4.1.1 Calculations from the analytical method 
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Table 8. Experimental results for sample 1 
Sample 1 
Experimental conditions Time (min) % A 
T=80ºC 0 0,10097 
[NaOH] = 0,6M 15 0 
%Ao = 0,1 30 0 
 
Table 9. Experimental results for sample 2 
Sample 2 
Experimental conditions Time (min) % A 
T=80ºC 0 0,11000 
[NaOH] = 0,3M 15 0,00524 
%Ao = 0,1 30 0 
 
Table 10. Experimental results for sample 3 
Sample 3 
Experimental conditions Time (min) % A 
T=80ºC 0 0,10775 
[NaOH] = 0,1M 15 0 
%Ao = 0,1 30 0 
 
Table 11. Experimental results for sample 4 
Sample 4 
Experimental conditions Time (min) % A 
T=50ºC 0 0,10235 
[NaOH] = 0,6M 15 0,00031 
%Ao = 0,1 30 0 
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Table 12. Experimental results for sample 5 
Sample 5 
Experimental conditions Time (min) % A 
T=50ºC 0 0,09538 
[NaOH] = 0,3M 15 0,00013 
%Ao = 0,1 30 0,00027 
 
Table 13. Experimental results for sample 6 
Sample 6 
Experimental conditions Time (min) % A 
 
T=50ºC 
[NaOH]= 0,1M 
%A0 = 0,1 
0 0,09772 
30 0,00258 
60 0,00022 
90 0 
 
Reviewing sample 1 experimental results, which intended to simulate the Biowaste system, 
it is clear that the current process is effective, as it degrades the molecule within 15 minutes in 
synthetic conditions, while the real treatment is carried out during 3h with the waste streams.   
Comparing experiments at the same temperature, for example at 80ºC, the expected result 
was an increase in the reaction time as sodium hydroxide concentration decreased. However, 
samples 2 and 3 did not accomplish these expectations, as the experimental results show that a 
concentration of 0,1M is more effective than the 0,3M in the degradation time. This experimental 
error may be due to a late adjusting of the pH, as it was not adjusted immediately after the 
extractions but once all the experiments finished. For instance, sample 2 was neutralized before 
sample 3, so real reaction time and concentration values do not correspond to 15 minutes.   
Otherwise, at 50ºC the experimental results do show concordance between degradation 
time and sodium hydroxide concentration. Notice that in sample 5, there is an increase of 
concentration from 15 minutes to 30 minutes, which is not possible. It can be considered noise 
interference in the HPLC, as the real concentration should be almost 0%. 
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Overall, results show how a reduction of temperature until 50ºC is still effective for the 
treatment, as well as a decrease in sodium hydroxide concentration. As there are two possible 
concentrations at 50ºC and the influence of temperature in the molecule’s degradation is not 
strictly clear, final conclusions and optimization parameters will be extracted from the kinetic 
study.  
4.4.1.2. Kinetic study results 
This study was carried out more carefully in terms of extractions and adjusting of the ph. 
The attention was focused on comparing the effect of sodium hydroxide concentrations (0,3M 
and 0,1M) at the same temperature (50ºC), as well as the influence of temperature on the 
molecule degradation pathways. Therefore, samples were collected more frequently and 
neutralized immediately after with glacial acetic acid until ph 7.  
The following tables show compound A concentration in % (w/w) in front of time for each of 
the 4 experiments performed.  
 
Table 14. Experimental results for sample 1* 
Sample 1* 
Experimental conditions Time (min) % A 
T=80ºC 0 0,10431 
[NaOH] = 0,6M 5 0 
%Ao = 0,1 10 0 
 
Table 15. Experimental results for sample 2* 
Sample 2* 
Experimental conditions Time (h) % A 
T=22ºC 0 0,09438 
[NaOH] = 0,3M 2 0,05116 
%Ao = 0,1 3 0,04547 
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Table 16. Experimental results for sample 3* 
Sample 3* 
Experimental conditions Time (min) % A 
T=50ºC 
[NaOH] = 0,3M 
%Ao = 0,1 
0 0,09505 
10 0,00396 
20 0,00062 
30 0,00014 
40 0 
 
Table 17. Experimental results for sample 4* 
Sample 4* 
Experimental conditions Time (min) % A 
T=50ºC 
[NaOH] = 0,1M 
%Ao = 0,1 
0 0,09481 
10 0,02477 
20 0,01217 
30 0,00545 
40 0,00229 
50 0,00087 
60 0,00030 
70 0,00013 
80 0,00018 
90 0 
 
Notice that in sample 4* at minute 80, there is an increase of concentration, which is not 
possible, as it occurred with sample 5 from the preliminary study. Again, it will be considered 
noise interference in the HPLC.  
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Figure 5 shows the chromatogram of Sample 4* with a compare of all the extractions in 
different colors (black arrow). Notice that compound A retention time is between 12 and 13 
minutes.  
 
Figure 5. Sample 4* chromatogram 
 
Comparing the different peaks, there is a significant difference between the absorbance of 
the initial sample (blue peak) and the sample extracted after 10 minutes (red peak). This shows 
how fast the degradation at the beginning of the reaction is, as for the other samples extracted 
later on time the difference in absorbance is not so exaggerated.  
On the other hand, analyzing experimental results, Figure 6 show the evolution of 
compound A concentration versus time for each experiment. Otherwise, Figure 7 and Figure 8 
show, respectively, the effect of different sodium hydroxide concentrations at the same 
temperature (50ºC) and the influence of different temperatures in the molecule’s degradation 
pathways. 
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Figure 6. Evolution of compound A concentration vs time 
Figure 7. Effect of NaOH concentration in the molecule’s degradation 
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Figure 8. Influence of temperature in the molecule’s degradation 
Comparing the experiments in Figure 6, it can be seen how surprisingly fast is the 
degradation of the molecule at the beginning of the reaction (within first 10 minutes) for those 
samples exposed to heat, especially in sample 1*. However, once concentration has reached 
values close to 0%, the curve becomes more stable. For the experiment at room temperature 
(sample 2*), the decrease in concentration is not as exaggerated as for the others, although 
sodium hydroxide concentration is the same in samples 2* and 3*. This seems to indicate the 
relevant influence of temperature in the molecule’s degradation, rather than sodium hydroxide 
concentration.  
Otherwise, analyzing samples at the same temperature (Figure 7), it can be observed that 
degradation is quite faster with higher sodium hydroxide concentration, as it was expected in the 
preliminary study. However, slopes are not so different, especially at the beginning of the 
reaction (first minutes). The difference between degradation times within experiments is around 
40 minutes.  
Finally, the influence of temperature can be analyzed from Figure 8. In the experiment 
without heat, the degradation is so slow that after 3h of reaction the remaining concentration is 
half the initial. Indeed, after 2h, the decrease in concentration is lower than at the beginning, as 
in the last 30 minutes of reaction the curve is almost stable.  
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In order to see the difference between the two experiments, the last quantified compound A 
concentration for sample 2* (after 3h), was 10 times higher than the first one (after 10 minutes) 
in sample 3*, although sodium hydroxide concentration was the same. Therefore, temperature 
may be considered a critical parameter of the degradation reaction.  
Another relevant result of both studies was observed during the pH measure of the samples, 
before being neutralized, as it was almost the same in all the extractions. An example is shown 
in Table 18 below.  
 
Table 18. Sample 3* extractions and pH measures 
Sample 3* 
Reaction time (min) pH 
10 13,55 
20 13,58 
30 13,55 
40 13,56 
50 13,56 
60 13,55 
 
As it occurred in all the experiments4, it seems that sodium hydroxide is not consumed 
along the reaction, although its concentration affects the degradation of the molecule in different 
ways. Therefore, due to its role in the degradation reaction, sodium hydroxide could be 
considered to act as a catalyst.  
 
 
 
                                                        
 
4 Other samples and its corresponding pH measures can be consulted in the appendices 
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4.4.2. Determination of kinetic parameters  
In the adjusting of the experimental results to kinetic parameters, it was observed that the 
best fit was to a first order reaction. Therefore, the experimental first-order degradation rate 
constants (kexp) were calculated from the slopes of logarithm plots of compound A concentration 
vs. time, in accordance with the following equation:   
 
ln (At / A0)  = - kexp · t · cNaOH                                                  (1) 
 
Where A0 is the initial compound A concentration and At is the remaining concentration of 
the molecule at time t. Although sodium hydroxide is considered a catalyst and its concentration 
(cNaOH) through time remains constant, it has to appear in the equation in order to be able to 
compare the degradation constants (kexp), as it is different in each experiment and could affect 
further calculations.  
Therefore, equation (1) can also be written as: 
 
ln (At / A0)  = - k’ · t                                                           (2) 
 
Where k’ is: 
k’ = kexp · cNaOH                                                                                                 (3) 
 
The effect of heat on the stability of the molecule was studied by using the Arrhenius 
equation. The activation energy was calculated from the slope of the following equation plot: 
 
ln kexp = ln A – Ea / (R*T)                                                      (4) 
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Where kexp is the first-order degradation rate constant, A is the Arrhenius factor, Ea is the 
activation energy of the reaction, R is the gas constant of 8,314 J·K-1·mol-1 and T is the absolute 
temperature in Kelvin.  
Notice that for samples 3* and 4*, an average of the degradation constants has been used 
as the experiments were carried out at the same temperature. The other kinetic parameters 
used in the plotting of equation (2) were those from sample 2*.  
Kinetic parameters and activation energy calculations are shown in Table 19 and Table 20 
below. 
 
Table 19. Kinetic parameters  
Sample CNaOH (M) T(ºC) 
Kexp 
(L·mol-1·s-1) 
2* 0,3 20 0,00023 
3* 0,3 50 0,01190 
4* 0,1 50 0,01528 
 
Table 20. Activation energy calculations 
20 ºC 50ºC 
kexp (L·mol-1·s-1) 0,00023            (L·mol-1·s-1) 0,01359 
ln kexp - 8,36149 ln kexp - 4,29863 
1/R*T (mol·J-1) 0,00041 1/R*T (mol·J-1) 0,00037 
 
From the table above, representing the parameters inside the box, the apparent activation 
energy of the reaction calculated was: 
 
Ea = 107 kJ/mol 
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Comparing the experimental degradation rate constants from Table 19, it can be easily seen 
how an increase in temperature from 20ºC to 50ºC caused a significant increase in the 
degradation rate. However, experiments at the same temperature (50ºC) showed similar rate 
constants, as the kinetic constant depends only on the temperature.  
Otherwise, the apparent activation energy calculated indicates an important sensibility of the 
reaction with temperature, which confirms the statements mentioned along the experimental 
results and discussion.  
 
4.4.3. Optimized parameters and recommendations  
Reviewing experimental and kinetic results, the recommended optimized parameters to 
implement in the Biowaste system are summarized in the table below, in comparison with the 
current ones.  
 
Table 21. Comparison of Biowaste system parameters  
Actual process Optimized process 
T = 80ºC T = 50ºC 
CNaOH = 0,8M CNaOH = 0,3M 
Treatment time = 3h Treatment time = 1h 
 
Although temperature is a critical parameter of the reaction, the experimental results show 
how a reduction of temperature until 50ºC is still effective for degrading the molecule. Sodium 
hydroxide concentration has been set in 0,3M, although a concentration of 0,1M could be also 
feasible. However, as the composition of the waste streams is unknown, a higher concentration 
is recommended in order to prevent any interaction that could reduce or affect sodium hydroxide 
activity. Treatment time has been reduced until 1h, as in synthetic conditions (Sample 3*) the 
molecule is degraded within 40 minutes. Again, as experimental conditions are not strictly 
applicable to the real system, reaction time has been set over 40 minutes.  
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5. INSTALLATION OPTIMIZATION 
Apart from optimizing the reaction, the whole installation was analyzed in order to study any 
possible improvement and reduce additional costs. Therefore, refrigeration water, sodium 
hydroxide and electric energy consumptions were evaluated and quantified.  
5.1. REFRIGERATION WATER CONSUMPTION  
Taking a look at the P&ID on page 7, the refrigeration system of the installation is an open 
system, as all the refrigeration water used is directly sent to the waste water treatment plant of 
the site instead of recirculating and reusing it. Therefore, attention was focused on quantifying 
the water consumption per cycle in the Biowaste system.  
 
5.1.1. Calculations 
In order to estimate water consumption, flow rate and refrigeration time were quantified. The 
representative flow rate was calculated in an experimental way, by filling a recipient of known 
volume and quantifying the filling time. Three trials were performed and the results are 
summarized in the table below.  
 
Table 22. Flow rate trial results 
Volume (L) Time (s) 
20 24,41 
20 23,27 
20 
 
23,89 
Average 23,86 
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Therefore, the flow rate of the system in L/h is: 
 
    
       
 
      
  
           
 
If we take into account that the refrigeration time is approximately 70 minutes, the water 
consumption per cycle is: 
 
     
 
 
 
  
     
               
 
The number of cycles performed per day is 5, and the system works 6 days per week. 
Therefore, if 30 cycles are carried out per week and considering that one year has 47 operating 
weeks, the annual consumption in m3 is approximately:  
 
Cycles / year = 30·47 = 1410 
 
     
       
    
      
  
     
 
   
      
                 
 
 
5.1.2. Alternative refrigeration systems 
Taking into account the high amount of refrigeration water wasted, three alternative 
refrigeration systems were proposed and evaluated. 
 
1. Natural refrigeration of the product: The first alternative proposed was to let the product 
refrigerate in an auxiliary tank until desired temperature (40ºC) before pumping it to the 
WWTP of the site, instead of using water to cool it. To do it, refrigeration time was 
estimated by implementing energy balance and heat transfer equations. 
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2. Install a heat exchanger (closed system): The second one consisted in making use of a 
cold source at 7ºC by the Biowaste system to install a heat exchanger and create a 
closed refrigeration system.  
 
3. Reuse the refrigeration water to feed DM Water Treatment plants: In this case, the 
refrigeration water from the Biowaste system would be lead to an accumulation tank in 
order to feed the Demineralization Water Treatment plants of the site, as the 
consumption of mains water to feed these plants is significantly high (about 3000 L/h).  
 
Acquisition, sustaining and disposal costs of each alternative were evaluated by 
implementing a Life Cycle Cost analysis (LCC), which considers all the costs associated with 
the acquisition and ownership of a system (or equipment) over its full life. It is measured in Net 
Present Value (NPV), a financial tool for evaluating economic value added. It is the present 
value of an investment’s future net cash flows, minus the initial investment for a given threshold 
discount rate.  
The best option was to implement the 3rd alternative, reusing refrigeration water to feed 
DMW plants, as acquisition and sustaining costs were significantly lower than in the other 
alternatives, and so was the NPV.5 
Above all, considering the optimized treatment process parameters, if temperature is set at 
50ºC no refrigeration stage will be needed, as the product can be send to the WWTP of the site 
at this temperature. This would reduce completely the refrigeration water consumption of the 
system.  
 
 
 
 
 
                                                        
 
5 The LCC analysis of the three alternatives can be consulted in the appendices. 
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5.2. SODIUM HYDROXIDE CONSUMPTION  
Sodium hydroxide consumption per cycle in the Biowaste system was quantified through the 
dosing pump parameters from the table below.  
 
Table 23. Dosing pump parameters 
Flow rate (g /min) 1758 
Dosing time (min) 7 
 
Therefore, sodium hydroxide consumption per cycle is: 
 
          
     
   
                    
 
Implementing 48% concentrated sodium hydroxide density at 20ºC6 and considering that 
1410 cycles are performed in one year:  
 
      
     
     
     
     
 
                 
 
  
     
     
      
      
    
                   
 
Take into account that these consumptions correspond to the actual process, once the 
optimized parameters are applied to the Biowaste system, the consumption will be significantly 
reduced.  
 
 
 
                                                        
 
6 Extracted from the SDS of sodium hydroxide in the appendices. 
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5.3. ELECTRIC ENERGY CONSUMPTION  
In order to quantify the electric energy consumption of the Biowaste system, a portable 
network analyzer was connected to the equipment during two days. After the analysis, 
corresponding daily consumption peaks were compared to verify that the plots were similar, as 
the number of cycles performed per day was the same. Therefore, as there was no difference, 
potency and intensity plots from the first day were analyzed, which are shown, respectively, in 
Figure 9 and Figure 10 below.  
Figure 9. Potency plot of the Biowaste system 
Figure 10. Intensity plot of the Biowaste system 
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Each figure respresents the same 3 entire cycles carried out in the system during this part of 
the analysis, as the axis time of the two plots coincide. An example of a cycle duration is shown 
in Figure 9, within red arrows. Observing the two graphics, colors red, green and yellow 
correspond to the different triphasic phases, while the blue line represents the total.  
Otherwise, the 4 peaks appearing in Figure 9 and Figure 10 correspond to the maximum 
values of potency and intensity at the beginning of each cycle, due to the electric consumption 
of the drain and transfer pumps. 
The absolute electric energy consumption in kW/h was automatically registered every 
minute during the analysis. The table below shows an example of the data registered during the 
first cycle. 7 
Table 24. Absolute electric energy consumption  
Date Time kW/h 
9/11/2016 19:10:00 0,358 
9/11/2016 19:11:00 0,362 
9/11/2016 19:12:00 0,366 
9/11/2016 19:13:00 0,372 
… ... … 
9/11/2016 23:26:00 1,421 
9/11/2016 23:27:00 1,425 
9/11/2016 23:28:00 1,428 
9/11/2016 23:29:00 1,432 
 
The total electric energy consumption of the cycle was obtained using the values from the 
boxes above, as they correspond to the initial and final absolute consumptions. Therefore, the 
electric energy consumption per cycle in the Biowaste system is: 
Electric energy consumption = 1,432 – 0,358 = 1,074 kW/h ≈ 1 kW/h 
                                                        
 
7 Intermediate values are not included in the example table as they are not representative for 
the calculations. 
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5.4. BENEFITS 
Many benefits are derived from the optimization of the reaction and the improvements in the 
Biowaste system installation, such as: 
 
1. Reduction of sodium hydroxide concentration: Two new sodium hydroxide 
concentrations have been proposed and are equally feasible for the chemical 
treatment. 
2. Reduction of mains refrigeration water: Three alternatives have been proposed to 
reduce the refrigeration water consumption of the installation. Moreover, as a result of 
the optimization study, no refrigeration stage will be needed in the optimized process. 
3. Temperature reduction: A decrease in temperature from 80ºC to 50ºC has been proved 
effective in degrading the molecule, reducing the heating steam consumption of the 
system.    
4. Optimization of the reaction time: Treatment time for the optimized process has been 
set in 1h, reducing 2h the initial reaction time. 
5. Increase of the installation yield: Nowadays the installation is operating at the 100% of 
its capacity, whereas with the optimized process it would be duplicated. 
6. Decrease in the electric energy consumption: In the optimized process, the electric 
energy consumption per cycle would be under 1kW/h, as agitation and sodium 
hydroxide dosing time will be reduced.  
 
Table 25 next page shows the comparison of the most relevant parameters in the Biowaste 
system between the current process and the optimized one.  
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Table 25. Comparison of most relevant parameters between processes 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The reduction of the parameters inside the boxes has been quantified in % as they are the 
most significant results of the optimization process.  
 
Table 26. Parameters reduction in % 
Reducing consumption % 
Sodium hydroxide 57 
Mains refrigeration water 100 
 
PARAMETRES 
ACTUAL 
PROCESS 
OPTIMIZED 
PROCESS 
Volume treated (L /cycle) 178 178 
NaOH concentration (M) 0,8 0,3 
NaOH volume (L /cycle) 8,10 3,47 
Temperature (ºC) 80 50 
Treatment time (h) 3 1 
Cycles /day 5 ~10 
Refrigeration water 
consumption (L /cycle) 
3521,03 0 
Electric energy 
consumption (kWh /cycle) 
1 <1 
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6. NEXT STEPS 
After the optimization study, next steps are mainly focused in two different ways: 
1. Performing the simulation in plant with the optimized parameters and developing a 
subsequent analysis at the entrance and output of the Biowaste system to quantify 
compound A concentration. 
 
2. Implementing alternative sodium hydroxide manipulations for safety improvements, 
including: 
 
2.1. Use of 30% concentrated sodium hydroxide to unify its purchase and 
decrease the risk while manipulation. 
2.2. Install a 1000 L refillable tank of PVC with secondary containment instead of   
using 25L jugs with manual transfer to the accumulation tank (actual process). 
2.3.  Estimating the total budget and savings of the new installation. 
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7. CONCLUSIONS 
The present study has proved that the degradation reaction involved in the Biowaste system 
can be optimized, reducing parameters such as temperature, sodium hydroxide concentration 
and treatment time. In addition, as a result of a careful analysis of the installation, many 
improvements have been proposed to reduce mains refrigeration water consumption.  
Otherwise, to our surprise, the electric energy consumption of the system was found to be 
irrelevant compared to the mains water and sodium hydroxide. 
As expected, much information was extracted from the experimental kinetic study, 
understanding better the influence of sodium hydroxide and temperature in the degradation of 
the molecule. For instance, temperature was determined a critical parameter of the reaction, as 
degradation rate constants and apparent activation energy showed a significant sensibility of the 
reaction towards temperature. Moreover, sodium hydroxide was found to act as a catalyst and 
not as a reagent, with a notable concentration influence in the degradation rate. 
Nevertheless, a deeper kinetic study would be helpful to completely define the behavior of 
the molecule under heat and alkali conditions. Therefore, as a recommendation, an 
experimental kinetic study with only influence of temperature is suggested.  
Above all, final verification of the present study is pending on the simulation in plant with the 
suggested optimized parameters.  
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ACRONYMS 
ML Macrocyclic Lactone 
MLs Macrocyclic Lactones 
AVM Avermectin 
MLB Milbemycin  
API Active Pharmaceutical Ingredient 
MSDS Material Safety Data Sheet 
CIP Cleaning In Place 
WWTP Waste Water Treatment Plant 
HPLC High Performance Liquid Chromatography 
NaOH sodium hydroxide 
Ao Initial compound A concentration, % (w/w) 
At Compound A concentration at time t, % (w/w) 
t time (h, min, s) 
T Temperature, ºC, K 
kexp Experimental firs order degradation rate constant, L·mol-1·s-1 
cNaOH Sodium hydroxide concentration, M 
Ea Activation energy, kJ/mol 
R gas constant, J·K-1·mol-1 
LCC Life Cycle Cost 
DMW Demineralization Water  
NPV Net Present Value 
SDS Safety Data Sheet 
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APPENDIX 1: ANALYTICAL METHOD 
 
4. Analytical method 
4.1. Devices 
 Liquid chromatograph equipped with an oven for controllable columns at 50 ± 1ºC 
 UV Detector working at 242 nm 
 Integrator-Recorder 
 Manual/Automatic injector   
 Chromatographic Column Waters Pico Tag C18 
 pH-meter with ±0,05 precision units of pH 
 Analytical balance with ±0,1 mg resolution 
4.2. Reagents 
 Moxidectin standard: Standard solution of Moxidectin with known purity 
 Acetonitrile (HPLC grade) 
 Milli-Q water 
 Ammonium acetate (reagent) 
 Glacial acetic acid (reagent) 
 Methanol (HPLC grade) 
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4.3. Mobile Phase preparation 
Sufficient mobile phase must be prepared to carry out all the essays. To prepare 2 L of mobile phase 
proceed as follows: 
1. Add 15,4 g of ammonium acetate to 800 ml of water and shake until dissolved 
2. Add 1200 ml of Acetonitrile and mix well 
3. Adjust the pH until 6,0 with glacial acetic acid  
4.4. Solvent preparation (60/40 Acetonitrile-Water) 
To prepare 1L of solvent proceed as follows: 
1. In a 1000 ml flask, add: 
- 600 ml acetonitrile 
- 400 ml Milli-Q water 
2. Shake manually until dissolved 
3. Filter and degas  
4.5. System Equilibration 
1. Wash the column with Acetonitrile (HPLC grade) at a flowrate of 2,5 ml/minute during 30 minutes.  
2. Change to compound A solvent (Mobile Phase) at the same flowrate 
3. Wait until obtaining a stabilized base line  
4.6. Preparation of the Standard Solution  
Prepare an equivalent Compound A Standard Solution of 0,1% concentration (x2). Label the flasks with 
Standard A and Standard B. If solid compound A (100% K/A) is used dissolve with acetonitrile. Otherwise 
dissolve with the solvent (Compound A Technical Concentrate).  
Dilute to 1/10 with the same solvent to obtain a final concentration of 0,01%. The solid compound A 
remains at concentration of 0,1%.  
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4.7. Sample preparation  
Prepare a 0,1% solution with solvent. To adjust the pH until 7.0, immediately add glacial acetic acid after 
the extractions in order to stop the reaction. Take into account that once the sample has reached pH 7.0, 
this time should be considered final reaction time, and not when the sample is extracted.  
4.8. Chromatographic conditions 
a) Column: Waters Pico Tag C18 
b) Column temperature: 50ºC 
c) Flowrate: 2,5 ml/minute 
d) Injection volume: 10µL 
e) Wavelength: 242 nm 
4.9. Method  
Once the chromatograph is stabilized in the conditions listed above, inject the sample and standard 
solutions.  
4.10. System Suitability 
The concordance between standards must be between 98.0-102.0% and de %RSD between replicate 
injections should be within 2.0%.  
4.11. Calculations 
 
(w/w)A  Compound %  Purity  STD %  
Sample %
Standard %
  
Area Standard
Area Sample
  
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APPENDIX 2: PH MEASURES AND EXTRACTIONS 
In the tables below are shown the extractions and its corresponding pH measures of each 
sample from the kinetic study.  
 
Table 27. pH measures for Sample 1* 
 
 
 
 
 
Table 28. pH measures for Sample 2* 
 
 
 
 
 
 
 
 
Sample 1* 
Reaction time (min) pH 
5 13,52 
10 13,67 
15 13,69 
20 13,70 
Sample 2* 
Reaction time (h) pH 
2 13,63 
3 13,56 
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Table 29. pH measures for Sample 4* 
 
 
 
 
 
 
 
 
 
 
 
 
 
As it happened with Sample 3*, pH also remains constant in the rest of the samples, as 
sodium hydroxide is not consumed along the reaction.  
 
 
 
 
 
 
 
 
 
 
Sample 4* 
Reaction time (min) pH 
10 13,17 
20 13,33 
30 13,32 
40 13,29 
50 13,26 
60 13,27 
70 13,26 
80 13,29 
90 13,29 
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APPENDIX 3: LIFE CYCLE COST ANALYSIS 
 
Assumptions and summary tables of the three alternatives analyzed with the LCC are 
shown below.  
 
Table 30. Assumptions 
 
Discount rate and Tax provision factors depend on the cost of money at the site where the 
LCC analysis is carried out, in this case Zoetis Manufacturing &Research Spain, S.L. 
 
Table 31. Cost analysis for the heat exchanger 
 
 
 
Discount Rate 8,50% Updated 28/10/2016
Project Life 15 Years
Tax Provision 28,00% Updated 28/10/2016
Assumptions
Tab Description Comments Payment Method Year Amount
Acquisition cost Capital 0 10.129$           
Sustaining cost (annual) Expense 1 - 20 -$                 
Periodic overhaul (every 5 years) Expense 5, 10, 15 -$                 
Disposal costs Expense 20 1.200$             
Reliability (mission time is 1 year) 90,00%
Failures per year 0,1
MTTR (hours) 15
Maintenance Rate (hourly) $30
Annual Maintenance Labor $47 Expense 1 - 20 47$                   
Repair Parts (per failure) $1.500 Expense 1 - 20 458$                
PM (hours) 16 
Annual PM Labor $480 Expense 1 - 20 480$                
PM Parts $500 Expense 1 - 20 600$                
Availability 470
Cost of downtime (hourly) $0
Cost of downtime (annual) $0 Expense 1 - 20 -$                 
Energy Cost ($/kwh) $0,085
HP 6
kw 4,5
Annual Energy Consumption Expense 1 - 20 179$                
Heat exchanger
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Table 32. Cost analysis for the natural refrigeration alternative 
 
In this case, the acquisition cost is higher as two stainless steel AISI 316L tanks of 250L are 
needed to refrigerate the product. In addition, the automation system is also included in the 
acquisition cost.  
 
Table 33. Cost analysis of the third refrigeration alternative 
 
This last option is the less expensive in acquisition costs as the only equipment needed is a 
plastic accumulation tank of 10000L.  
 
 
Acquisition cost Capital 0 24.383$           
Sustaining cost (annual) Expense 1 - 20 -$                 
Periodic overhaul (every 10 years) Expense 10 -$                 
Disposal costs Expense 20 3.000$             
Reliability (mission time is 1 year) 50,00%
Failures per year 0,7
MTTR (hours) 16
Maintenance Rate (hourly) $30
Annual Maintenance Labor $333 Expense 1 - 20 333$                
Repair Parts (per failure) $2.300 Expense 1 - 20 2.054$             
PM (hours) 20 
Annual PM Labor $30 Expense 1 - 20 30$                   
PM Parts $1.000 Expense 1 - 20 1.200$             
Availability 1974
Cost of downtime (hourly) $0
Cost of downtime (annual) $0 Expense 1 - 20 -$                 
Energy Cost ($/kwh) $0,085
HP 3
kw 1,9
Annual Energy Consumption Expense 1 - 20 313$                
Natural refrigeration
Acquisition cost Capital 0 2.700$             
Sustaining cost (annual) Expense 1 - 20 -$                 
Periodic overhaul (every 10 years) Expense 10 -$                 
Disposal costs Expense 20 1.000$             
Reliability (mission time is 1 year) 95,00%
Failures per year 0,1
MTTR (hours) 10
Maintenance Rate (hourly) $30
Annual Maintenance Labor $15 Expense 1 - 20 15$                   
Repair Parts (per failure) $300 Expense 1 - 20 75$                   
PM (hours) 0 
Annual PM Labor $0 Expense 1 - 20 -$                 
PM Parts $0 Expense 1 - 20 -$                 
Availability 8759
Cost of downtime (hourly) $0
Cost of downtime (annual) $0 Expense 1 - 20 -$                 
Energy Cost ($/kwh) $0,085
HP 0
kw 0,0
Annual Energy Consumption Expense 1 - 20 -$                 
Water for ADM plant
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Finally, the NPV is automatically calculated for each alternative, resulting in the table below: 
 
Table 34. Summary of NPV for the three alternatives 
 
In this case the NPV and the acquisition cost of each alternative coincide, as there are no 
cash flows during the project life, only the initial inversion. Therefore, as the alternative of 
reusing the refrigeration water to feed the DM Water plants is the less expensive, is considered 
the best option.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Option NPV IRR
Best Equipment $2.700 N/A
Better Equipment $10.129 N/A
Good Equipment $24.383 N/A
Summary
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APPENDIX 4: SAFETY DATA SHEETS 
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